Because β-AR signaling, of which AC is central, plays a key role in the pathogenesis of heart failure and because β-AR blockade therapy is widely used in patients with heart failure, but that therapy is still far from perfect, it becomes Background-For reasons that remain unclear, whether type 5 adenylyl cyclase (AC5), 1 of 2 major AC isoforms in heart, is protective or deleterious in response to cardiac stress is controversial. To reconcile this controversy we examined the cardiomyopathy induced by chronic isoproterenol in AC5 transgenic (Tg) mice and the signaling mechanisms involved. Methods and Results-Chronic isoproterenol increased oxidative stress and induced more severe cardiomyopathy in AC5 Tg, as left ventricular ejection fraction fell 1.9-fold more than wild type, along with greater left ventricular dilation and increased fibrosis, apoptosis, and hypertrophy. Oxidative stress induced by chronic isoproterenol, detected by 8-OhDG was 15% greater, P=0.007, in AC5 Tg hearts, whereas protein expression of manganese superoxide dismutase (MnSOD) was reduced by 38%, indicating that the susceptibility of AC5 Tg to cardiomyopathy may be attributable to decreased MnSOD expression. Consistent with this, susceptibility of the AC5 Tg to cardiomyopathy was suppressed by overexpression of MnSOD, whereas protection afforded by the AC5 knockout (KO) was lost in AC5 KO×MnSOD heterozyous KO mice. Elevation of MnSOD was eliminated by both sirtuin and MEK inhibitors, suggesting both the SIRT1/FoxO3a and MEK/ERK pathway are involved in MnSOD regulation by AC5. Conclusions-Overexpression of AC5 exacerbates the cardiomyopathy induced by chronic catecholamine stress by altering regulation of SIRT1/FoxO3a, MEK/ERK, and MnSOD, resulting in oxidative stress intolerance, thereby shedding light on new approaches for treatment of heart failure. (Circulation. 2013;127:1692-1701.)
A denylyl cyclase (AC) is a key regulator of health and longevity in organisms ranging from yeast to mammals. [1] [2] [3] [4] [5] In the heart AC is a critical link in sympathetic control and beta adrenergic receptor (β-AR) signaling and therefore plays a fundamental role in mediating not only baseline cardiac function, but also the cardiac response to stress (eg, in the pathogenesis of heart failure). Type 5 AC (AC5) is 1 of 2 major isoforms in heart, the other being type 6 AC (AC6). For reasons that remain unclear, whether AC5 is protective or deleterious in response to cardiac stress is controversial, particularly with respect to the signaling mechanisms involved, and whether these mechanisms are shared by AC6. It is generally accepted that cardiac-specific AC5 overexpressed (AC5 transgenic [Tg] ) mice exhibit enhanced cardiac performance, 6 which follows from the role of AC, which generates cAMP on β-AR stimulation resulting in increased cardiac contractility and heart rate. However, the extent to which altered AC5 regulation is protective with chronic stress remains controversial. Previous studies examined whether overexpression or disruption of AC5 in the heart could affect the progression of cardiomyopathy induced by overexpression of Gαq and β1-AR. This was accomplished by mating overexpressed Gαq and β1-AR with AC5 Tg or AC5 knockout (KO) mice. These studies found that AC5 Tg rescued Gαq cardiomyopathy, 6 but not β1-AR cardiomyopathy, 7 and AC5 KO mice failed to rescue cardiomyopathy in Gαq mice. 8 In addition, AC5 KO mice rescued cardiomyopathies from chronic pressure overload, 9 chronic catecholamine stress, 10 and aging.
critical to reconcile the controversy and understand the role of AC in the heart in the development of cardiomyopathy and heart failure, which would eventually be of clinical importance. Accordingly, this was the overall goal of the current investigation. We first examined the extent to which manganese superoxide dismutase (MnSOD) regulation and oxidative stress were altered in AC5 Tg at baseline and in response to chronic β-AR stimulation, because it is known that β-AR stimulation increases oxidative stress, 11, 12 and that MnSOD is upregulated in AC5 KO mice. 1 The results of the experiments with bigenic mice (AC5 Tg×MnSOD Tg and AC5 KO×MnSOD +/− ) led us to elucidate the signaling mechanisms linking AC5, MnSOD, and oxidative stress and the involvement of the Sirtuin 1/Forkhead box O3 (SIRT1/FoxO3a) pathway. The SIRT1/FoxO3a pathway was selected to investigate, because MnSOD is upregulated in the AC5 KO mouse, which lives longer than wild type (WT), 1 and FoxO3a is the transcriptional factor most closely related to the antioxidative protective effects associated with longevity, as shown in several models: C elegans, 13, 14 rats, 15 and human quiescent cells. 16 The final goal was to investigate whether this pathway is regulated specifically by AC5, or whether it is common to all AC signaling in the heart, which would mean that these mechanisms were shared by the other major cardiac AC isoform, AC6.
Methods

Mouse Models
Generation of AC5 Tg mice was described previously.
17 AC5 KO×MnSOD +/− mice were generated by crossing AC5 KO mice with MnSOD heterozygous mice. AC5 Tg×MnSOD Tg were generated by crossing AC5 Tg mice with MnSOD Tg mice (from Jackson Laboratory, Bar Harbor, ME; Stock ID, 009438). To produce catecholamine cardiomyopathy, isoproterenol (ISO) was delivered to 3-to 5-month-old Tg mice, bigenic mice, and corresponding control littermates for 7 days at a dose of 60 mg/kg/d with a miniosmotic pump (ALZET model 2001, DURECT Corp, Cupertino, CA) as described. 10 The severity of the cardiomyopathy was assessed by echocardiographic measurements of left ventricular (LV) ejection fraction and LV end diastolic and end systolic diameter and histopathological measurements of myocardial fibrosis, apoptosis, and myocyte cross sectional area. For the Tempol treatment group, 4-hydroxy-2,2,6,6-tetramethyl-piperidine-1-oxyl (Tempol, Sigma) was administered to AC5 Tg mice by dissolving it in drinking water at a concentration of 1 mmol/L for 1 month before chronic ISO infusion to block oxidative stress. Animals used in this study were maintained in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council, Eighth Edition 2011). This study was approved by the Animal Care and Use Committee at New Jersey Medical School.
Experimental Procedures
All techniques are described in more detail in the online-only Data Supplement with references to previous work with these techniques. Experimental procedures included the following: adenoviral construction ( Figure II in the online-only Data Supplement), physiological studies, 10 primary culture of neonatal rat ventricular myocytes, 18 AC assay, 10 immunoprecipitation, Western blotting, 1 quantitative RT-PCR, 18 8-hydroxy-2′-deoxyguanosine (8-OHdG) ELISA assay, chemiluminescent assay for superoxide production, 19 subcellular fractionation, luciferase activity, Chromatin Immunoprecipitation (ChIP) assay, 15 and histological analyses (apoptosis, fibrosis, and cell size).
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Statistical Analysis
Normally distributed data were presented as mean±SEM.
Otherwise, data were summarized using the Median and range. . Actually, the decline in LVEF was even more significant, because that takes into account the different baseline levels where LVEF was higher in AC5 Tg and fell to a lower level, P=0.0021 ( Figure 1A ). In addition, the LV dilated more in AC5 Tg mice than WT (Table I in the online-only Data Supplement). Similarly, chronic ISO induced more fibrosis (2.0-fold) and more myocyte apoptosis (2.8-fold) in AC5 Tg mice compared with WT ( Figure 1B and 1C) . There was also more LV hypertrophy, as measured by myocyte cross sectional area, but the increase (1.2-fold) was not as great as with fibrosis and apoptosis.
Overexpression of AC5 Increased Oxidative Stress
After chronic ISO stimulation, AC5 Tg mice exhibited 19% more glutathione disulfide (GSSG) content, an indicator of oxidative stress, than WT littermates (Figure 2A) . Consistent with this, AC5 Tg mice had 15% more oxidative stressinduced DNA damage compared with WT mice after chronic ISO stimulation detected by 8-OHdG ELISA ( Figure 2B ). In AC5 overexpressed neonatal myocytes, superoxide production was approximately 2-fold more than in the control group ( Figure 2C ). AC5 knockdown (KD) myocytes increased cell survival with H 2 O 2 treatment ( Figure 2D ). MnSOD is part of a mechanism that might be responsible for the opposite response of AC5 overexpressed (OE) and AC5 KD toward oxidative stress, because MnSOD is upregulated in AC5 KO mice.
AC5 Downregulates MnSOD
By Western blotting, the protein expression of MnSOD was reduced 38% in AC5 Tg mice compared with WT ( Figure 3A) . On the cellular level, 26% less MnSOD was detected in AC5 OE myocytes and MnSOD protein was increased 2-fold and mRNA 3.6-fold in AC5 KD myocytes ( Figure 3B , 3C, and 3D). The data demonstrated that AC5 regulated the protein and mRNA expression level of MnSOD, which altered MnSOD function.
MnSOD Overexpression Ameliorated Chronic ISO Cardiomyopathy in AC5 Tg
We increased MnSOD in AC5 Tg using a bigenic (AC5 Tg×MnSOD Tg) mouse. The cardiac-specific MnSOD Tg mice had a 20-fold increase in SOD activity in the heart. Table I in the online-only Data Supplement). The increases in LVEDD and LVESD were also no longer greater than observed in WT (Table I in the online-only Data Supplement), and the increases in fibrosis and apoptosis, observed in AC5 Tg on chronic ISO, were no longer observed in . AC5 regulated FoxO3a transcriptional activity through SIRT1. A, SIRT1 and MnSOD expression levels increased in AC5 KO heart, n=3 per group, but not in AC6 KO hearts, n=3 per group (B). C, SIRT1 expression levels increased in AC5 KD cardiomyocytes (left; n=4) and decreased in AC5 OE cardiomyocytes (right; n=5). D, Acetyl-lysine in FoxO3a was downregulated in AC5 KO mice heart (left), but upregulated in AC5 Tg mouse heart (right), n=3 per group. E, Coimmunoprecipitation confirmed that SIRT1 deacetylated FoxO3a by directly binding to FoxO3a in AC5 KD cardiomyocytes. F, FoxO3a transcriptional activity was inhibited in AC5 KD myocytes treated with nicotinamide, a Sirtuin inhibitor, n=9 per group. The FoxO3a transcriptional activity of AC5 KD myocytes treated with nicotinamide showed no significant difference compared with cardiomyocytes infected with ad-LacZ, NS=nonsignificant. G, MnSOD expression level was inhibited in AC5 KD cardiomyocytes when the cells were treated with nicotinamide. n=6. The data in A-G did not have a normal distribution. The appropriate statistical tests are noted in the Statistical Analysis section. *P<0.05. AC indicates adenylyl cyclase; KD, knockdown; KO, knockout; and MnSOD, manganese superoxide dismutase.
Downregulation of MnSOD Eliminated Protective Effects of AC5 KO Under Chronic Catecholamine Stress
To investigate whether MnSOD was important for the protective effects of AC5 KO mice, we crossed the AC5 KO mice with MnSOD heterozygous KO mice. Previously, we reported that the AC5 KO mice were protected against catecholamine stress.
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This was confirmed in the present study in a small cohort, where the fall in LVEF was less in the AC5 KO than WT with chronic ISO. This protection was lost in the bigenic mice, where LVEF after chronic ISO was decreased to 50 (43-60)% (n=6), which was almost identical to the LVEF in the WT mice (53 [39- 
AC5 Regulated MnSOD Transcriptionally Through the SIRT1/FoxO3a Pathway
Because downregulation of MnSOD is the key mechanism mediating the enhanced cardiomyopathy of AC5 Tg mice, we investigated the molecular pathway responsible. The mRNA level of MnSOD in AC5 KD myocytes was 3.6-fold higher than those infected by a control adenovirus, Ad-LacZ ( Figure 3D ), which suggested that transcriptional factors may be involved in the regulation of MnSOD, with FoxO3a a likely target, as noted earlier. To determine whether FoxO3a directly regulated MnSOD, we first examined the localization of FoxO3a in the AC5 KD neonatal myocytes. Immunostaining and Western blotting detected more FoxO3a in the nucleus of AC5 KD myocytes compared with the control group ( Figure 4A and 4B) . Similarly in tissue, more FoxO3a was detected in the nucleus of AC5 KO mouse heart compared with WT ( Figure 4C ).
Next, we tested the transcriptional activity of FoxO3a using a luciferase assay by transfecting a FoxO3a luciferase vector, with a promoter containing 3 repeats of the forkhead response element (FRE), into neonatal myocytes. 22 When AC5 was knocked down in myocytes, a 2.5-fold increase in luciferase activity was observed ( Figure 4D ). To examine whether FoxO3a increased the native MnSOD gene directly, we performed the ChIP assay on native MnSOD in the H9C2 rat cardiac myoblast cell line infected with Ad-LacZ and Ad-shAC5, respectively. We found 1.9-fold more FoxO3a binding to the specific FoxO-binding element within the MnSOD promoter region ( Figure 4E ) in AC5 KD myocytes. The data demonstrated that knockdown of AC5 causes FoxO3a to localize to the nucleus and associate with the MnSOD promoter.
FoxO is known to be regulated by acetylation, a modification removed by the NAD + -responsive, metabolic sensor SIRT1. 23 To test whether AC5 regulated SIRT1 directly, protein expression of SIRT1 was detected in AC5 KO mice hearts. SIRT1 was significantly upregulated in AC5 KO mice hearts ( Figure 5A ). Consistent with the adult heart data, SIRT1 was upregulated in AC5 KD myocytes and downregulated in AC5 OE neonatal myocytes ( Figure 5C ).
To test whether this pathway was unique to AC5, we also examined AC6 KO, the other major cardiac AC isoform. In AC6 KO, SIRT1 was not upregulated ( Figure 5B ). Paralleling SIRT1 expression, MnSOD was not upregulated in the AC6 KO hearts. Thus, the upregulation of SIRT1 and MnSOD expression was not attributable to a general response to AC activity.
Given the apparent link between SIRT1 and FoxO3a, we found that the level of acetyl-FoxO3a in the heart of AC5 KO and AC5 Tg mice correlated inversely with the expression of SIRT1 ( Figure 5D ). In AC5 KD myocytes, SIRT1 was shown by coimmunoprecipitation (IP) to bind directly to FoxO3a ( Figure 5E ). These data suggest that FoxO3a is regulated by deacetylation in cardiac tissue and this is controlled by AC5 activity. To further investigate the role of SIRT1, we treated AC5 KD and the control group with nicotinamide, a sirtuin inhibitor, and then tested the transcriptional activity of FoxO3a in the control group. Nicotinamide did not change the activity in the control group, but reduced the transcriptional activity of FoxO3a to almost the same level in AC5 KD group as in the control group ( Figure  5F ). To investigate whether the elevation of luciferase activity of FoxO3a contributed to MnSOD expression, we determined MnSOD protein levels in AC5 KD myocytes. The MnSOD level in nicotinamide-treated AC5 KD myocytes was downregulated to a similar level as the control group ( Figure 5G ). These data indicate that the increased transcriptional activity of FoxO3a and MnSOD expression in AC5 KD myocytes is attributable to increased SIRT1 activity. In summary, AC5 inhibited SIRT1 activity, which consequently decreased the interaction between SIRT1 and FoxO3a, thus decreasing MnSOD expression, resulting in less tolerance toward stress ( Figure 6 ).
MnSOD Also Regulated by MEK/ERK Signaling
We previously reported that both mitogen-activated protein kinase kinase/extracellular signal-regulated kinases/MnSOD (MEK/ERK/MnSOD) and Akt pathways were involved in the protective mechanism of AC5 KO. 1, 10 The elevation of MnSOD in myocytes infected with AC5 KD adenovirus was eliminated by both the MEK inhibitor (PD98059; Figure IIIB in the online-only Data Supplement) and sirtuin inhibitor (nicotinamide; Figure 5G ), suggesting both the MEK/ERK and SIRT1/ FoxO3a pathway are involved in MnSOD regulation. Furthermore, we examined the activity of Akt (represented as p-Akt/ Akt) in AC5 Tg mice after chronic ISO. In contrast to AC5 KO mice, the activity of Akt was lower in AC5 Tg than in WT mice ( Figure IV in the online-only Data Supplement), indicating that the AC5 Tg failed to activate this protective mechanism induced by chronic ISO stress. Different from MnSOD basal regulation by AC5 ( Figure IIIA) , Akt is involved in mediating the cardiac effects after chronic ISO stimulation.
To demonstrate that MnSOD is the only antioxidant gene targeted by the AC5 regulated SIRT1/FoxO3a pathway, we examined the expression of catalase, another downstream target of FoxO3a, 24, 25 and found no differences in the hearts among WT, AC5 KO, and AC5 Tg mice ( Figure V in the online-only Data Supplement).
Discussion
Because the conclusions from previous studies examining the extent to which cardiac overexpression or deletion of AC5 affects the development of cardiomyopathy have been controversial 6, 7, 17, 26 and no previous study examined the effects of cardiac overexpression of AC5 on the development of cardiomyopathy, the goal of the present investigation was to do just that, using the model of chronic catecholamine stress. The results indicate clearly that cardiac overexpression of AC5 increases the severity of the cardiomyopathy induced by chronic catecholamine stress, resulting in more severely compromised LV function and increased LV dilation, cardiac fibrosis, and apoptosis. It is well recognized that catecholamines increase oxidative stress, which in turn induces necrosis and results in cardiac fibrosis, [27] [28] [29] [30] which is an important mechanism mediating the decrease in function observed, not only in the cardiomyopathy induced by chronic ISO but also in all cardiomyopathies. Although the most common cause of necrosis is myocardial ischemia, it can also result from an imbalance between myocardial oxygen supply and demand, particularly in the subendocardium, and there is also nonischemic necrosis, 27 all of which leads to a reduction in contractile units in the heart and increased fibrosis, which interferes with cardiac contraction. ISO also induces necrosis in myocytes in culture, independent of myocardial blood supply. 27, 31, 32 There is another reason for controversial results in literature (ie, it is not always possible to extrapolate linearly between in vivo and in vitro work and between Tg and KO models). A major strength of this investigation was the use of both Tg and KO models for AC5, which alleviated the criticisms that the high level of overexpression of AC5 in the Tg model, overwhelmed other mechanisms. In addition, finding reciprocal data in the KO and Tg model strengthens the conclusions.
Because MnSOD protects against oxidative stress in AC5 KO mice 1 and because oxidative stress has been implicated in catecholamine induced cardiomyopathy, 11,27,33 our hypothesis was that the adverse effects of AC5 overexpression in the heart are mediated by enhanced oxidative stress, primarily through an MnSOD mechanism. Confirming this hypothesis we found a 36% decrease of MnSOD expression in AC5 Tg mice and greater oxidative stress induced DNA damage. To further confirm our hypothesis that the reduced MnSOD was responsible for the enhanced oxidative stress, we restored MnSOD to the AC5 Tg mice by mating them with MnSOD Tg mice. The bigenic mice no longer responded to chronic ISO with more severe cardiomyopathy. To further confirm our hypothesis, we also examined whether reducing MnSOD eliminated the protection afforded to AC5 KO mice. Accordingly, we also mated MnSOD +/− mice with AC5 KO mice and then subjected the bigenic mice to chronic ISO stimulation. The bigenic mice were no longer protected from chronic catecholamine stress. Thus, the level of expression of MnSOD was responsible for the difference in responses to chronic catecholamine stimulation from WT in AC5 Tg and AC5 KO mice, and the opposite responses in AC5 Tg and AC5 KO mice. It was important to use the KO model in parallel with the AC5 Tg model, to avoid complicating influences derived from increasing gene expression to a high level. More importantly, the elimination of the protective effect in AC5 KO×MnSOD +/− mice is direct evidence that indicates the importance of MnSOD in the AC5 regulatory pathway. Other studies have found that oxidative stress is an important mechanism mediating several different cardiomyopathies, [28] [29] [30] 33, 34 and Dai et al 35 showed the importance of mitochondrial oxidative stress. However, the signaling pathways have not been elucidated.
In this connection, it was previously shown that impaired mitochondrial function in cardiac myocytes from Sod2 +/− mouse hearts is associated with a reduction in MnSOD activity, 36 which might suggest that the same phenomenon might occur in the AC5 Tg, where MnSOD activity is reduced, and that this may reduce cardiac function. However, we observed increased LV function at baseline in AC5 Tg and impaired function with chronic ISO. This apparent conundrum can be explained by the complex interaction of mechanisms controlling cardiac function in normal animals in vivo and more so in Tg animals. Because AC5 is a direct downstream target of the β-AR, the increased basal LV function is a result of amplifying signals from the β-AR and not attributable to reduced MnSOD expression. Chronic ISO stress in AC5 Tg leads to the accumulation of oxidative stress, and an imbalance between oxygen supply and demand in the heart, leading to necrosis, apoptosis, and fibrosis, which consequently reduced LV function and resulted in cardiomyopathy.
We then investigated the signaling pathway by which AC5 regulated MnSOD expression. In AC5 KD myocytes, we detected a significant increase in MnSOD mRNA, which suggests that AC5 also regulated MnSOD in a transcriptional manner. As noted earlier, the experiments demonstrating the role of MnSOD in mediating the enhanced cardiomyopathy with chronic ISO stress in AC5 Tg led us to investigate the SIRT1/ FoxO3a pathway, in view of its protective role against oxidative stress associated with aging in C elegans, 13, 14 rats, 15 and human quiescent cells. 16 In our study, we demonstrate for the first time the importance of AC5, an upstream gene of the SIRT1/FoxO3a complex regulating MnSOD in cardiomyopathy. We also found activation of SIRT1 and FoxO3a in AC5 KD myocytes, whereas inhibition was detected in AC5 OE myocytes, suggesting that AC5 inhibits SIRT1 and FoxO3a activity, resulting in an impaired antioxidant system and induced cell death, suggesting that overexpression of SIRT1 or nicotinamide mononucleotide (NMN) or nicotinamide riboside treatment 37 should be able to counteract the adverse effects of increased AC5 in the setting of chronic catecholamine cardiomyopathy. These conclusions are based in part on the acetylation experiments, which have the limitation of using the immunoprecipitation technique. 38 A future direction will be to use a specific antibody for acetyl FoxO3a when it is available, which would permit a more definitive conclusion.
FoxO3a is known to regulate MnSOD transcriptionally, protecting cells from cellular oxidative stress. 16 FoxO activity is regulated, in turn, by SIRT1, which also exerts favorable effects on oxidative stress resistance in cardiac myocytes. 23 An interaction between the cAMP/PKA pathway and Sir2 (an ortholog of SIRT1) in yeast has been reported. 39 Recently, a few studies indicated cAMP/PKA dependent pathways of SIRT1 activation, 40, 41 which seem to be at variance with our findings. However, there are at least 4 important differences between these studies and ours. These studies were conducted in cancer, skeletal muscle, or hepatic cells, whereas we examined cardiomyocytes. Secondly, our findings are related only to AC5; it is conceivable that other AC isoforms, even AC6, the other major isoform in the heart, could induce different regulation. Indeed, this is what we observed. Because in the studies by Noriega and Gerhart-Hines, forskolin was used to stimulate AC, which will activate all AC isoforms, this may have influenced AC6, which regulates AC activity to a greater effect than AC5 in the heart. Fourth, our study was conducted under conditions of chronic activation or inhibition of the cAMP/PKA pathway (eg, in AC5 Tg and KO) and measured the change in protein expression of SIRT1, whereas the previous studies used more acute activation of cAMP/PKA with forskolin, which activated SIRT1, either through the induction of its transcription or through SIRT1 phosphorylation. Finally, the results of our investigation relating AC5 to the SIRT1/FoxO pathway is consistent with other studies showing that SIRT1/FoxO protects the heart against oxidative stress, and that MnSOD plays an important role. 42, 43 It has been shown that overexpression of SIRT1 no longer promotes cell survival when MnSOD was eliminated 42 and nuclear translocation of FoxO induced transcriptional up-regulation of MnSOD, which protected the heart from myocardial infarction. 43 In addition, we found translocation and activation of FoxO3a by SIRT1, consistent with a report in C elegans. 23 Because FoxO3a regulates several molecules involved in the cell cycle and oxidative stress (eg, catalase 24, 25 ), it is possible that MnSOD is not uniquely targeted. However, we found that catalase expression was not different in hearts from WT, AC5 Tg, and AC5 KO ( Figure V in the online-only Data Supplement), supporting the concept that MnSOD is uniquely regulated by FoxO3a with relation to AC5. Deacetylation of FoxO3a should activate the transcriptional activity as described previously. 23 As shown in Figure 5F and 5G, inhibition of SIRT1 activity reduced the FoxO3a transcriptional activity and MnSOD expression in AC5 KD myocytes. Because MnSOD is one of the important downstream targets of FoxO3a, it is expected that the binding affinity to the MnSOD promoter increases as FoxO3a is activated.
It is important that we found the signaling mechanisms differed in the 2 major cardiac AC isoforms, AC5 and AC6. There have been several instances of AC isoform differences within organs. AC1, AC5, and AC8 all are major isoforms in brain, AC1 and AC8 play an important role in memory and learning, 44, 45 but not AC5. Similarly, AC1 KO and AC5 KO mice are resistant to pain stress, 46, 47 but not AC8. Also there are apparent differences in AC5 and AC6 regulation in the heart, showing that the AC5 KO is protected against stress, 9, 10 but not AC6 KO. 48 We previously found that the MEK/ERK pathway regulated MnSOD in the AC5 KO. 1 In the current investigation we found that MnSOD was upregulated similarly in AC5 KO mice with vehicle and with ISO ( Figure IIIA in the onlineonly Data Supplement) and that both a MEK inhibitor and a sirtuin inhibitor blocked the elevation of MnSOD in AC5 KD myocytes ( Figure 5G , Figure IIIB the online-only Data Supplement), suggesting that both of these pathways are involved in the regulation of MnSOD by AC5.
In summary, this study examined for the first time the effects of overexpression of AC5 on the response to cardiac stress. In contrast to conflicting results from previous studies in AC5 Tg, 6, 7 the results of the current investigation indicate clearly that overexpression of AC5 is deleterious in response to cardiac stress. We also demonstrated a new pathway for cardiac dysfunction mediated by AC5; cardiac overexpression of AC5 exacerbates the cardiomyopathy induced by chronic catecholamine stress through a mechanism inhibiting SIRT1 and FoxO3a, which decreases MnSOD transcription. The impaired antioxidant system elevates the intercellular oxidative stress level with chronic ISO stimulation, inducing more cell death and resulting in augmented cardiac dysfunction.
